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Abstract

Aircraft noise reduction is an application of current intense interest for which smart materials
show significant potential. Specifically, the aeroacoustic noise produced by the unsteady
aerodynamic flow about the leading-edge high-lift device, such as leading-edge slat, of typical
transport-aircraft wings is of particular interest. Concepts with the most promise to mitigate this
noise source, most notably the slat-cove filler concept, have focused on highly reconfigurable
structures that change shape between different phases of the flight envelope. These shape
changes often involve large deformation, which has stimulated the consideration of shape
memory materials. In recent years, shape memory materials (SMMs) have drawn greater interest
for applications such as smart fabrics, intelligent medical devices, self-deployable space
structures, morphing structures and packaging. Compared to other shape memory materials, like
shape memory alloys (SMAS) or shape memory ceramics (SMCs), shape memory polymers
(SMPs) have desirable advantages such as high elastic deformation to enable large shape change,
broad tailorability of mechanical properties, potential biocompatibility and biodegradability,
ductility, light weight and ease of processing. However, SMPs still have some critical
disadvantages such as insufficient mechanical and thermal characteristics for structural
applications, low recovery stress, and long response time. The new LaRC shape memory
thermosetting polymer composite (LaRC-SMPC) discussed herein was synthesized with non-
toxic monomers and conductive/magnetic fillers to yield enhanced thermal/mechanical
characteristics and faster response times. LaRC-SMPCs with a variety of fiber reinforcements
[Kevlar®, carbon fiber (standard and thin-ply), and carbon-nanotube (CNT) sheet] were
fabricated to tailor the physical properties and test for suitability as a slat-cove filler (SCF). The
performance of SCF prototypes fabricated with the developed LaRC-SMPCs was evaluated
using a bench-top test apparatus. The SCFs made of Kevlar® fiber fabric or carbon fiber fabric
infused shape memory polymer composite (SMPC) exhibited kinking during simulated
deployment and stowage, which can be problematic during operation. The SCF made of CNT
sheet/SMP composite did not exhibit kinking, but the deployment was sluggish compared to
carbon fiber fabric/SMP composite. This report documents the evolution of designing SMPCs as

slat-cove fillers for aircraft noise reduction. In the course of the investigation, several



approaches were investigated to address shortcomings in material characteristics based on

performance requirements of operational slat-cove fillers.



1. Introduction

The mission requirements for typical aerospace vehicles usually involve widely-varying
operating conditions. However, most aerospace structural systems are point designs, i.e.,
designed for a single, most-critical operating condition, or they represent a compromise between
multiple points on the operational envelope. Examples of this design paradigm are present in
most aircraft engine and wing structures. Inlet cowlings and exhaust nozzles for transport-
aircraft engines are designed primarily for efficient cruise performance. Performance efficiency
in other phases of flight is secondary. While acoustic emissions from jet engines have been a
growing concern for many years, engine noise has been addressed primarily by progressively
increasing the bypass ratio. Increased bypass ratio increases the percentage of engine exhaust at
reduced flow speed, which weakens the mechanisms for noise production, at the expense of
greatly increased engine size. The acoustic source strength within the engine is typically treated
by passive, absorptive elements that dissipate some of the acoustic energy. This approach has
resulted in aircraft engines that have reached limits of practical size and weight, while noise
goals continue to become more aggressive.

Similarly, transport-aircraft wing design is driven mainly by cruise efficiency. The cruise-
wing size and shape are optimized to produce the required lift with minimum drag at nominal
cruise speeds. Desirable cruise wing characteristics typically include a slightly cambered
sectional shape to produce the desired lift at low angle of attack (AoA), sweep to delay shock
formation at transonic flow speeds, and taper to decrease lift-induced drag. The lift and stall
performance of the wing in the approach and landing phases of flight is another important factor
in wing design. The low speeds required for landing usually mandate a much higher AoA,
increased wing camber and increased wing chord. The typical approach to accommodating these
disparate requirements is to use a deployable high lift system.

The high-lift system of typical-transport aircraft usually consists of leading- and trailing-edge
devices that are deployed away from the main wing in the high-lift configuration, i.e., separated
by gaps, because a multi-element system can sustain a much larger pressure difference (lift)
between the upper and lower surfaces than a single wing element with equivalent camber and

chord. It is desirable for the multi-element wing to revert to a smooth single-element during the



cruise phase of flight to reduce drag. In current practice, the multiple wing elements are nested
together with the leading edge of each element, after the foremost, fitting into the cove in the aft
lower surface of the preceding element. A typical arrangement for a three-element airfoil system

is shown in retracted (cruise) and deployed (high-lift) configurations in Figure 1 [1].
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Figure 1. Schematic of a three-element airfoil system in the retracted (cruise) and deployed (high-lift)
configurations, adapted from Scholten et al. [1].

The high-lift configuration of the multi-element wing presents many geometric
discontinuities, such as edges, gaps and cavities, to the flow. The discontinuities cause
considerable unsteadiness in the flow, which is exemplified by the flow vorticity aft of the
deployed, leading-edge slat in Figure 2 [2]. The unsteady flow generates significant acoustic
noise that radiates outward from the wing and may be heard by observers on the ground below
the aircraft [2-6]. Filling the slat-cove, termed a slat-cove filler (SCF), is one method that has
been shown, computationally and experimentally, to reduce the unsteady aerodynamics and thus,
the aeroacoustic noise associated with the deployed leading-edge slat [7-8]. The SCF concept is
the only technology known that significantly reduces the aeroacoustic noise produced by the
leading-edge slat while leaving the separated high-lift system intact, with no negative affect on
the high-Ilift or cruise aerodynamic performance.

The SCF profile indicated by the dashed line in Figure 3 is representative of an optimized

(for minimum noise) shape based upon the total pressure distribution in the flow field. Part (a) of
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Figure 2. Flow vorticity in the vicinity of the deployed, leading-edge slat [1].
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Figure 3. Optimized SCF profile shown (a) on deployed slat and (b) on retracted slat for
indication of stowage challenge.

that figure shows the SCF in the deployed configuration along with the slat. Part (b) shows the
deployed SCF with the retracted slat, which emphasizes the challenge in stowing the SCF in the
small space between the retracted slat and the main wing. Although the SCF profile based upon



total pressure has a greater curvilinear length than profiles based upon other metrics, therefore
making it more difficult to stow, it offers the advantage of greater noise-reduction.

The SCF must take the proper shape and sustain the aerodynamic load when deployed, and
remain hidden between the slat and main wing when stowed for cruise. Structural and
operational characteristics of typical transport aircraft impose constraints on the implementation
of a SCF. Additionally, desirable attributes for an effective SCF design include weight-
efficiency, passivity (no requirement for auxiliary support systems), durability and fail-safety. A
deformable structure that stows in the cavity between the slat and main wing under the authority
of the slat actuators and deploys automatically with deployment of the slat, without a dedicated
actuation or other support system, was identified as the most efficient and practical design to
meet the requirements.

It is clear from Figure 3 that massive reconfiguration of the SCF structure is required to
achieve the highly-disparate deployed and retracted configurations. Deforming, mechanized and
several combined approaches have been considered for enabling a reconfigurable SCF. A thin,
shell-type structure was found to best meet the constraints and requirements [9]. The large-
deformation requirement was met through the use of shape memory alloy (SMA) materials [9-
11]. The structural concept developed in that work consisted of a thin shell of superelastic-SMA
material that is stress free in the shape of the deployed SCF, joined to the slat at the trailing edge
in a lap joint and joined to the slat near the cusp by a hinge. A schematic example of that
configuration is shown in Figure 4. The contact force developed between the slat-cove filler and
the main wing during slat retraction was used to generate the stress required to transform the
microstructure in the SCF and achieve the required deformation. The force required for stowage
can be minimized by appropriate choice of parameters like hinge length, hinge location, SCF
thickness, alloy chemistry and alloy processing and the large deformation requirement is
accommodated by the transformation-strain mechanism in the SMA material. Bi-stability can
also be avoided by proper choice of parameters, enabling the restoring force to deploy the slat-
cove filler autonomously and continuously upon deployment of the slat from the main wing. The
hinge is required in the slat-cusp region because of the close-fitting configuration that the slat

makes with the main wing at that location when retracted.



Figure 4. Schematic of a SCF implementation consisting of a single SMA flexure with a lap joint
at the slat Trailing Edge (TE) and the hinge joint near the slat cusp.

Although the previous structural concept development work [9-11] achieved proof of concept
and included optimization of the structure to minimize the actuator authority required to retract
the slat and stow the SCF, contact forces between the SCF and the main wing continue to be a
concern in terms of durability, actuation authority requirements, and effects on maintaining the
optimized geometry of the main-wing leading edge. It is for these reasons that other material
options were sought. Polymer based shape memory materials are of particular interest because
they can exhibit dramatic stiffness (modulus) change between states. This characteristic has the
potential to significantly reduce contact force/stress, being essentially elastomeric at
temperatures above their glass transition while exhibiting structural stiffness below the glass
transition temperature.



Shape memory polymers (SMPs) have been studied due to their intrinsically high elastic
deformation (broad tailorability of mechanical properties), potential biocompatibility and
biodegradability, ductility, light weight and ease of processing [12-14]. Polyurethane based SMP
(Diaplex®) is the most common commercial product [15]. State of the art SMPs still have
critical disadvantages for the SCF application. They have insufficient mechanical and thermal
characteristics for structural applications, a low recovery stress, and slow response time of about
a minute. For example, a polyurethane based shape memory polymer (32mm x 7mm x 1 mm
rectangular specimen) recovered its original unfolded shape in about 30 - 40 seconds with a 90°C
change in temperature [16]. An epoxy based shape memory polymer (250mm x 25mm x 2 mm
rectangular specimen) recovered its original unfolded shape in about 2 minutes when subjected
to a 100°C change in temperature [17].

Recently, some thermosetting epoxy shape memory polymers were developed [18] that
satisfy high mechanical and temperature requirements. The transformation temperature of these
epoxy based SMPs is about 60°C. This temperature is tailorable by adjusting monomer
stoichiometries. To increase recovery stress, some fillers like glass fibers and silicon carbide
fibers were incorporated [19-20]. Adding conductive or magnetic fillers like carbon black,
carbon fibers, carbon nanotubes or nickel particles into SMPs were approaches attempted to
improve response time via electroactive triggering [21-23].

Despite the methods used to overcome shortcomings of shape memory materials, they still
have poor mechanical strength, durability and slow response time (about 30 seconds ~ 1 minute).
These characteristics make them unsuitable for the SCF application which requires endurance for
aerodynamic loading during operation. Adding conductive fillers yielded limited improvements
in shape transformation response because they exploited only Joule heating. Furthermore, the
epoxy-based SMP [18] utilizes a highly volatile and toxic monomer, so it requires a closed mold
during processing that restricts the versatility of composite configurations.

The following operational conditions and constraints guided the SMP development work in
this study. The deployed SCF must sustain the steady aerodynamic load of a typical approach
and landing flow condition (Mach 0.2 and angle of attack of 6-8 degrees) with an acceptable
deflection. Previous work suggests that a deflection of 3.39 mm represents an acceptable

deviation from the desired aerodynamic shape for maximum noise reduction with a typical
8



transport aircraft at full scale [9]. The SCF structure must also endure mechanical strains
potentially to 2% for as many as 70,000 (pressurization) cycles, although fatigue performance is
outside the scope of this study. The SCF must soften during retraction of the slat with the goal of
reducing the contact stress between the SCF and the main wing, relative to the baseline SMA
SCF, so as to improve durability of the SCF system and reduce the actuator requirements for
stowage. The time to soften during retraction must be shorter than the typical retraction time of a
slat, which was taken to be in the range of 10-20 seconds. Additionally, static and dynamic
stability of the SCF structure to the aerodynamic load is required at all times, but this is beyond
the scope of this study. Finally, the SCF should reacquire the deployed shape and rigidize during
deployment of the slat/SCF to within 0.34 mm of the optimized configuration for noise
reduction. The deployment of the SCF should be timed such that it achieves an aerodynamically
and aeroacoustically suitable shape as the SCF loses contact with the main wing during slat
deploment. Thus, the time required to recover from the stowed configuration to the deployed,
permanent configuration should be similar to the slat deployment time of 10-20 seconds. Itis
clear that chordwise staging of the heating and cooling of the structure could be beneficial to the
performance during retraction and deployment of the slat/SCF, particularly in terms of
aeroelastic stabiltiy of the SCF. However, this is not known to be a requirement.

The above parameters provided guidance for performance targets required for a material
system to be considered as a SCF. Physical properties (modulus, electrical conductivity, shape
transformation response) were controlled by tailoring molecular structure with different
monomers and doping with nanoinclusions [carbon nanotubes (CNTSs), functionalized graphene
sheets (FGS)]. To improve mechanical durability and stiffness, Kevlar® or carbon fiber was
incorporated in the SMP matrix. The strategy used in the development of shape memory polymer
based slat-cove filler is shown in Figure 5. The material designs developed were evaluated based
on the operational requirements of SCFs. New SMP compositions were developed to meet the
required physical properties. When the new material satisfied the desired properties, a prototype
SCF was fabricated to demonstrate the actuation. Details of the lessons learned from exploring

various SMPC compositions will be discussed.
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Figure 5. Research strategy for development of shape memory based slat-cover filler.

2. Experiments
2.1. Materials

Diglycidyl ether of bisphenol A diglycidyl ether (DGEBA), Araldite® 506, poly(bisphenol A-
co-epichlorohydrin), benzhydrylamine (BZA), (3-glycidyloxypropyl)trimethoxysilane (GPTS)
and (3-aminopropyl)trimethoxysilane (APTS) were purchased from Aldrich Chemical Co. and
used without further purification. 3,4’-oxydianiline was purchased from Mitsui Petrochemical,
Ind., and used without further purification. Functionalized graphene sheet (FGS, Vor-x™) was
obtained from Vorbeck Materials and used in the as-received condition. Multiwall carbon

10




nanotubes (MWCNT) were obtained from Duke University and used in the as-received
condition. Poly(n-butylene oxide)-b-poly(ethylene oxide) [PBO-PEO diblock copolymer (PBE)]
was obtained from Dow Chemical and was used as a toughening agent without further

purification.

2.2. Synthesis of new NASA Langley Research Center shape memory polymer (LaRC-SMP)

Epoxy-based thermosetting shape memory polymer (SMP) resin was synthesized with
diglycidyl ether of bisphenol A (DGEBA) as a resin and aromatic amines (benzyldrylamine
(BZA) and 3,4’-oxidianiline (ODA) as the curing agents. The molar ratio of epoxide equivalent
to amine was 1:1. For example, 2.5 mmol of ODA and 5 mmol of BZA were mixed to 10 mmol
of DGEBA to get equivalent molar ratio between epoxide and amine functional groups. The
mole ratios of ODA to DGEBA were 0, 0.025, 0.1, 0.25 and 0.5. The precursors were
mechanically premixed and a predetermined amount of PBE was added to the resin. The
premixed resin was placed in a mixing apparatus consisting of a temperature-controlled

sonication bath and a mechanical stirrer.

2.3. Fabrication of NASA Langley research center shape memory polymer composites (LaRC-
SMPC)

In order to fabricate a shape memory polymer based slate-cove filler, five LaRC-SMPCs
were fabricated as shown in Figure 5. Reinforcements used included: (1) Carbon nanotube
(CNT) or functionalized graphene sheets (FGS) doped SMPC; (2) Kevlar® fabric/SMPC; (3)
Carbon Fiber (CF)/SMPC; (4) Thin ply CF/SMPC; (5) CNT sheet/SMPC. To make CNT or FGS
doped SMPCs, a predetermined amount of CNT or FGS was mixed with the resin under high
shear at 60°C and 25 kHz sonication for 2 hours. To make fiber reinforced SMPC, the resin was
painted on the fabric (Kevlar®, regular CF, thin ply CF or CNT sheet) to produce fiber/SMPC
prepreg. The fiber/SMPC prepreg sheets were stacked and cured in an autoclave (heating rate of
2°C/min, 30 minutes at 100°C and 150°C, each, 4 hours at 175°C, 0.10 — 0.69 MPa).

11



2.4. Characterization

Tensile properties of film were characterized according to ASTM standard D882-12 [23].
Specimens (5 mm wide) were placed between grips with a gauge length of 50 mm and pulled at a
rate of 5 mm/minute until failure. Viscoelastic behavior of the LaRC-SMPC was determined
using a dynamic mechanical analyzer (DMA Q800, TA Instruments). Storage and loss moduli
were determined at 1 Hz using a heating rate of 1°C/min. A Hitachi S-5200 high-resolution
scanning electron microscope (HRSEM), with a field emission electron gun and in-lens detector,
was used to examine the surface morphology of the samples. Infrared (IR) spectra were taken in
transmission mode with a Fourier Transform Infrared (FT-IR) spectrometer (Nicolet iS™ 5).

2.5. Bench-top demonstration model development

A bench-top test apparatus, based on the 30P30N airfoil, was developed at 75% scale to
assess the operational viability of the LaRC-SMPC based slat-cove filler (SCF) prototypes as
shown in Figure 6 [9-10]. The bench-top apparatus is approximately 45 cm in length and ball-
bearings were mounted beneath the slat that moved within slots of the baseplate to enforce
proper kinematics. The performance of different LaRC-SMPC based SCFs was investigated and
recorded by a digital camera.

Figure 6. Bench-top demonstration model for feasibility test of LaRC-SMP SCF.
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3. Results and Discussion
3.1. New LaRC Shape Memory Polymer Composite

3.1.1. Synthesis of new LaRC shape memory polymer resin

Two different epoxy based SMPs were synthesized: DGEBA based SMP and Araldite® 506
based SMP. The glass transition temperature of SMPs synthesized with different mole ratios of
ODA to DGEBA (0, 0.025, 0.1, 0.25 and 0.5) are shown in Figure 7. The glass transition
temperatures of DGEBA based SMPs varied from 90°C to 170°C, depending on the mole ratio
of BZA used [Figure 7 (a)]. When more flexible monomer of Araldite® 506 was used, the glass
transition temperature decreased and varied from 60°C to 140°C [Figure 7 (b)]. The sample
cured on an open Teflon plate showed higher glass transition temperature compared to the
sample cured in a closed Teflon mold. Because the prepared pristine SMP was too insulating to
exhibit a fast response to external thermal and electrical energy, conductive nanoparticles were
incorporated into the SMP matrix. Because the glass transition temperature of about 100°C is
appropriate for our application, and DGEBA is widely used as a epoxy resin, we chose the mole
ratio of ODA to DGEBA of 0.1 for futher study.
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Figure 7. Glass transition temperature of (a) DGEBA based LaRC-SMP and (b) Araldite® 506
based LaRC-SMP.
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3.1.2. LaRC shape memory polymer composite 1 (Carbonaceous nanophase doped SMP).

To increase electric conductivity, carbonaceous nanophase materials like CNT or FGS were
added to pristine LaRC-SMP. The mole ratio of ODA to DGEBA was 0.1. The glass transition
temperatures (Tg) of the pristine-SMP and the LaRC-SMPC were about 98°C and 97°C,
respectively, measured by a DSC. Figure 8 shows thermo-mechanical properties of pristine
LaRC-SMP and LaRC-SMPC. Tensile tests were done at room temperature and elevated
temperature (Tg + 30°C), respectively. Pristine LaRC-SMP displayed a high elastic modulus of
2.8 GPa and a relatively low tensile strain at break of about 6.3% at room temperature. It
exhibited a low elastic modulus of only 7.5 MPa and a high tensile strain at break of higher than
38% [Figure 8 (a)] above the glass transition temperature (Tq + 30°C). The drastic change of
elastic modulus of LaRC-SMP with temperature change is a critical parameter for making a
variable stiffness material. The LaRC-SMPC behaves in a similar fashion as pristine LaRC-SMP.

The addition of 2 wt% commercial FGS did not result in any improvement of mechanical

properties.
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Figure 8. Mechanical properties measured at room temperature and at elevated temperature (30°C
above the glass transition temperature) of (a) pristine LaRC shape memory polymer (LaRC-SMP) and
(b) LaRC shape memory polymer composite (LaRC-SMPC, 2% FGS doped).

Real dielectric constant and real AC conductivity of LaRC-SMPC are shown in Figure 9.
LaRC-SMPC exhibited higher dielectric constant than pristine LaRC-SMP, and had a large
14



dielectric relaxation as a function of frequency [Figure 9 (a)]. Pristine LaRC-SMP showed lower
AC conductivity with a conventional insulator’s trend with increasing frequency, whereas
conductive filler doped LaRC-SMPC exhibited higher conductivity with a conventional

conductor’s trend with increasing frequency.
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Figure 9. (a) Dielectric constant and AC conductivity of pristine LaRC-SMP and LaRC-SMPC.

In order to trigger the shape reformation, the temperature of the material needs to be above
its glass transition temperature. In order to decrease response time, electric power input was
employed to increase the temperature of the material internally, via internal heat generation,
instead of superficially, via applied surface heaters. The temperature of the LaRC-SMPC was
monitored with an IR camera while direct current (DC) voltage or alternating current (AC)
voltage, in the frequency range from 0.1 Hz to 1 MHz, was applied to the specimen (Figure 10).
The temperature response of LaRC-SMPC depended on the polarity change of the applied
electric field (DC or AC) and the frequency of excitation. At the frequencies of 0.1 and 10 Hz,
the applied AC electric field caused faster heating than the applied DC electric field. At a
frequency of 1 kHz, the heating became slower than the lower frequencies of 0.1 and 10 Hz, but
it still showed faster heating than the DC electric field. Above 1 kHz, heating augmentation of
the alternating field continues to diminish until it eventually results in a heating rate deficit such
that at a frequency of 10 kHz, the heating was significantly slower than the DC electric field.

Further, no significant electric field induced heating was observed at the highest frequency of 1
15



MHz. The high heating augmentation at the low frequencies (0.1 Hz ~ 1 kHz) of applied AC
electric field seemed to orginate from the dielectric loss heating due to the high interfacial
polarization. Dipoles of interfacial polarization do not repond at excitation frequencies
significantly above 1 kHz, resulting in no heating augmentation above the DC field.
Furthermore, AC field excitation significantly above 1 kHz also exhibits reduction in
effectiveness of Joule heating until no measureable heating of the sample was observed at 1

MHz. This suggests that the synergistic effects from combining loss heating (AC voltage at low
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Figure 10. Temperature change of LaRC-SMPC under applied DC and AC electric field.

frequency) and Joule heating (DC voltage) can trigger of shape reformation more effectively.

Figure 11 shows variable stiffness capability of the LaRC-SMPC by applying an electric
field. The specimen was placed between compressive grips, and the compressive stress was
monitored at constant compressive strain (0.2%) while applying an electric field. The
compressive stress increased slightly with increasing applied electric field until a critical
transition point, about 15 kV/m for this test specimen. The increase in the compressive stress
seems to originate from thermal expansion due to heating under the applied electric field. With
further increase of the electric field, the compressive stress dramatically dropped to transform the
material from a hard state to a soft state.
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Figure 11. Mechanical stiffness change of LaRC-SMPC under applied DC electric field.

Figure 12 presents the visual demonstration of shape memory effect for LaRC-SMP and
LaRC-SMPC. The programmed temporary shape of pristine LaRC-SMP [Figure 12 (a)] returned
to the original permanent shape by external thermal heating [Figure 12 (b)]. A full process of
thermal shape memory effect is shown in the Appendix (Figure S2) and Reference 21. Figure 12
(c) and (d) show electric field induced shape memory effect. The programmed temporary shape
of the LaRC-SMPC [Figure 12 (c)] returned to the original permanent shape by applying an
external electric field [Figure 12 (d)]. A visual demonstration video of the shape memory effect
is available at NASA Technical Reports Server (NTRS) [24].

The response time of the shape memory effect was measured by monitoring actuation
displacement using a fiber optic sensor (Angstrom Resolver™ Model 201, Acousto-Optic
Sensors Inc.) as shown in Figure 12 (c) and (d). The response time of LaRC-SMPC was
improved by laminating an elastic titanium sheet as shown in Figure 13. The final reformation
time (=) from temporary shape to original permanent shape of the LaRC-SMPC laminated with
the elastic titanium alloy sheet was about 10.8 sec. This is much faster than that of an
unlaminated LaRC-SMPC (z ~ 37.8 sec) and meets the requirement for the ideal response time
of about 10 ~ 20 sec for the slat actuation. An increased recovery stress can be expected with a

higher stored elastic energy of the titanium alloy sheet.
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3.1.3. LaRC shape memory polymer composite 2 (Kevlar® fiber doped SMP).

The thickness of the slat-cove filler is about 1 mm for the bench-top demonstration (75%

scale) and it was found that the mechanical strength of CNT or FGS doped SMP composite was

insufficient to endure a mechanical load during operation. Therefore, various fiber reinforced

composites were considered as candidates. First, Kevlar® fiber (2x2 twill weave, [0°/90°]ss)

embedded SMP composite was fabricated to secure mechanical strength. Figure 14 shows the

storage modulus as function of temperature of Kevlar® fiber reinforced SMP composite

fabricated at different processing condition of pressure (0 to 100 psi) and measurement direction.
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Figure 14. (a) Thermal mechanical properties of Kevlar Fiber/SMP composite and (b) test direction.
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Figure 15. Cross-sectional SEM images of Kevlar® fabric reinforced SMP composite.



The storage modulus below its glass transition temperature increased with increasing processing
pressure. The sample cut in the 45° fiber direction shows lower storage modulus compared to 0°
sample. However, poor interfacial interaction between Kevlar® fiber and SMP resin was found to
result in low mechanical durability. Figure 15 shows the dry Kevlar® fibers on the fracture
surface. This is evidence of poor interfacial strength between Kevlar®fiber and SMP resin.

3.1.4. LaRC shape memory polymer composite 3 (Carbon fiber fabric/SMP composite).

For better wettability and high interfacial strength between fibers and SMP resin, uni-
directional (UD) and woven (5HS) carbon fiber (CF, IM7, Hexcel) fabrics were employed to
make CF/SMP composites. Uni-directional and quasi-isotropic layup configurations were used to
investigate the anisotropic mechanical properties. Compared to the Kevlar® fabric reinforced
SMP composite, CF/SMP composites showed better wettability of resin on the CF surface after
fracture, which implies the stronger interfacial strength between CF and SMP resin (Figure 16).
Figure 17 shows dynamic mechanical analysis of UD CF ([0°]s)/SMP composite. The UD layup
composite exhibited anisotropic mechanical properties. The sample cut 0° along the fiber
direction showed storage modulus of about 108.9 GPa at room temperature while the 90° cut
sample modulus was about 7.3 GPa. At the elevated temperature of 125°C, the storage moduli of

0° cut and 90° cut samples decreased to about 47.8 GPa and 0.25 GPa, respectively. The glass

Figure 16. Cross-sectional SEM images of carbon fiber reinforced SMP composite.
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transition temperature of the 0° cut sample, determined by a peak of Tan &, was higher than that

of the 90° cut sample (about 93.2°C versus about 79.8°C).
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Figure 17. Dynamic mechanical analysis of carbon fiber (UD, [0°],) reinforced SMP composite of

(a) 0° cut and (b) 90° cut.

Figure 18 shows dynamic mechanical analysis of quasi-isotropic CF ([+45°/0°/-

45°/90°]25)/SMP composite. The quasi-isotropic layup composite displayed less anisotropy in

mechanical properties compared to the unidirectional layup configuration. 0° cut and 90° cut
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specimens had storage moduli of about 47.2 GPa and 17.0 GPa at 25°C. At the elevated
temperature of 125°C, the storage moduli of 0° cut and 90° cut decreased to about 27.9 GPa and
7.0 GPa, respectively. The glass transition temperature of the 0° cut sample, determined by a

peak of Tan 3, was higher than that of 90° cut specimen (about 106°C versus about 99°C).

3.1.5. LaRC shape memory polymer composite 4 (CNT sheet/SMP composite).

CNT sheet was employed to reinforce the SMP composite because it is more flexible than
carbon fiber and its stiffness is tailorable depending on post processing methods such as
stretching of the CNT sheet. Figure 19 shows a dynamic mechanical analysis of a CNT sheet
([0°]2)/SMP composite. Storage modulus was about 11.8 GPa at room temperature, 8.2 GPa at
125°C and 5.1 GPa at 175°C. Loss modulus appeared as a clearer peak of glass transition of

about 115°C while tan & increased as a function of temperature.
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Figure 19. Dynamic mechanical analysis of CNT sheet/SMP composite.

Because the mechanical properties of the CNT sheet/SMP composite were inferior to the
CF/SMP composite, the fabrication process of CNT sheet/SMP composites was modified. In
order to increase interfacial strength between CNTs and SMP resin, CNT sheets were modified

by three different methods: (1) thermal treatment at 250°C for 1 hr, (2) sizing treatment (epoxy
22



based sizing material, Adherent Technology) without thermal treatment, and (3) sizing treatment
(epoxy based sizing material, Adherent Technology) after thermal treatment at 250°C for 1 hr.
Figure 20 shows the effect of process condition on the mechanical properties of CNT sheet/SMP
composites. The tensile modulus of pristine CNT sheet/SMP composite was about 12.3 GPa. The
thermal treatment and sizing treatment increased the modulus up to 13.5 ~ 15.7 GPa. The
maximum tensile strength also increased following the thermal and sizing treatment. Compared
to the pristine CNT sheet/SMP composite which has elongation at break of about 2.6%, the
thermally treated CNT composite showed sligthly higher tensile strain of about 3.4% while the
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Figure 20. Mechanical properties of CNT sheet/SMP composites. (a) Tensile modulus, (b)
maximum tensile strength and (c) elongation at break.
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thermally treated and sized composite did not show any significant positive influence on tensile

strain. Figure 21 shows the cross-sectional image of thermally treated CNT sheet ([0°]18)/SMP

composites. It reveals good interfacial interaction between CNT and SMP resin.

Figure 21. Cross-sectional SEM images of CNT sheet/SMP composite.

3.2. Designing SCF conformation by computational modeling.

Using the Abaqus finite element analysis program, SCF dimensions and the segmented (top,
mid-link and bottom section) configuration from previous work, the design of the SCF
incorporating the SMP material was studied (Figure 22). The homogeneous SCF without a mid-
link showed a failure in deployment (Figure 23). Therefore, high stiffness of mid-link was
incorporated for autonomous deployment. The location and size of mid-link were optimized to
enable successful retraction/deployment. When the mean mid-link location was about 12.7 to
19.5 cm (5 to 7.5 inches) from the bottom and the mid-link length is about 2.54 to 12.7 cm (1 to
5 inches), the SCF showed good retraction/deployment performance. Figure 24 shows the failure
in deployment when the mean mid-link location is 10.16 cm (4 inches) from the bottom and the
length is 10.16 cm (4 inches). Figure 25 shows the successful deployment when the mean mid-
link location was 16.51 cm (6.5 inches) and length is 7.62 cm (3 inches). Animation results of
the computational modeling of SCF are available at NASA Technical Reports Server (NTRS)

[25-27]. The optimization results for the mid-link are summarized in Figure 26. A The maximum
24



strain during retraction/deployment was calculated for the various mid-link locations and sizes
(Figure 27). Because the preferred maximum strain is below 2% for composite materials, the
optimized mid-link location and size was about 15.24 to 19.05 cm (6 to 7.5 inches) and about
3.81t0 12.7 cm (1.5 to 5 inches), respectively. The optimized paprameters were employed for
the fabrication of SCF.

Figure 22. Abaqus model of SCF for retraction/deployment performance.
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(d)

(b)

(©

Figure 23. Computation modeling of SMP SCF actuation shows unsuccessful deployment with no
mid-link. (a —c) retraction, and (d-f) deployment. A full animation is available at NTRS [22].
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(b)

Figure 24. Computation modeling of SMP SCF actuation shows unsuccessful deployment with a
mid-link (length: 4, mean location from bottom: 4™). (a —c) retraction, and (d-f) deployment. A
full animation is available at NTRS [23].
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Figure 25. Computation modeling of SMP SCF actuation shows successful deployment with a
mid-link (length: 3”, mean location from bottom: 6.5”). (a —) retraction, and (d-f) deployment. A
full animation is available at NTRS [24].
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3.3.Fabrication of Slat-Cove Filler (SCF) using SMP composite.

The slat-cove filler (SCF) for a bench-top demo was fabricated using the developed SMP
composites. Figure 28 shows tooling and a fabricated SCF test specimen. Fiber reinforced SMP
prepregs were stacked in the desired lay-ups in the tooling and cured in an autoclave. After
curing, the sample was taken out, then cut and trimmed to get precise dimensions. The prepared
SCF specimen was installed on the bench-top demo station to investigate its deployment and

stowage performance as shown in Figure 29.

Figure 28. Fabrication of SCF using SMP composite. (a) sample mold in breathing fabric after
curing in autoclave, (b) SMP SCF in aluminum mold, (c-d) retrieving SMP SCF sample from the
aluminum mold.

3.5. Bench-top demonstration of SCF fabricated with various SMP composites.

The performance of a bench-top demonstration of slat-cove filler (SCF) fabricated with the

developed various SMP composites was investigated.
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3.5.1. SCF fabricated with LaRC shape memory polymer composite 1 (Carbonaceous
nanophase doped SMP).

Figure 29 shows the performance of SCF fabricated with CNT doped SMP composite SCF.
Glass to rubbery state transition was controlled by direct Joule heating. Top and bottom
electrodes were predesigned according the Abaqus modeling (section 4) for optimum
retraction/deployment performance. Mid-link section was not laminated by electrode so it
maintained high stiffness during actuation. When the electric field was applied, top and bottom
sections were heated to reduce the modulus for SCF retraction [Figure 29 (c)]. However, after
deployment, a crack in the mid-link was found. This suggests that the strain at the mid-link was
higher than the calculated value by Abaqus model.

Figure 29. Bench-top demonstration of SCF fabricated with CNT doped SMP composite. (a)
before retraction, (b) after retraction, (c) after deployment and (d) crack found in the mid-link after
deployment.
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3.5.2. SCF fabricated with LaRC shape memory polymer composite 2 (Kevlar® fiber
fabric/SMP composite).

In order to improve the mechanical durability of SCF fabricated with SMP composite, the
SCF was fabricated with Kevlar® fiber SMP composite (Kevlar® 29, 4HS, [0°]s, Figure 30).
Since the Kevlar® composite was not conductive enough for direct Joule heating, heating tape
was applied to permit transition at the top and bottom sections [Figure 30 (b)]. A Nitinol spring
was installed to enable smooth deployment. The SCF fabricated with Kevlar® fiber SMP
composite showed successful deployment but during stowage, it kinked in the top and bottom
sections [Figure 30 (c-h)]. A video of the full operation of SCF demo is available at NASA
Technical Reports Server (NTRS) [28]. The kinks were permanent mechanical failures in the

composite.

3.5.3. SCF fabricated with LaRC shape memory polymer composite 3 (Carbon fiber
fabric/SMP composite).

Carbon fiber fabric was employed to solve the kink issue, because carbon fiber had better
interfacial adhesion to the polymer matrix. The SCF was fabricated with carbon fiber (5HS,
[0°]s). It exhibited good deployment performance, but still kinked during stowage (Figure 31).
However, even after multiple operation of stowage/deployment, no permanent damage was
found at the location of the kinks. A video of the full operation of SCF demo is available at
NASA Technical Reports Server (NTRS) [29]. Applying thin ply carbon fiber fabric composites
did not help to solve the kink issues. However, when a thin shape memory alloy sheet (SMA,
0.5mm thick) was laminated to the thin ply carbon fabric comnposite, SCF sucessfully retracted
and deployed without kinking. A video of the full operation the SMA laminated SCF is
available at NASA Technical Reports Server (NTRS) [30].

3.5.4. SCF fabricated with LaRC shape memory polymer composite 4 (CNT sheet/SMP

composite).

Another solution investigated was the insertion of carbon nanotube (CNT) sheets since CNT

sheets were far more flexible than carbon fiber and had good interfacial adhesion to polymer
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resins after appropriate modification. Figure 32 shows the full process of stowage and
deployment. The SCF fabricated with CNT sheet/SMP composites were the first to yield
successful stowage and deployment without kinks. However, the stowed elastic energy of CNT
sheet/SMP composite was not as high as CF/SMP composites, resulting in sluggish performance.
Lamination of thin shape memory alloy sheet (SMA, 0.25mm thick) improved the deployment
performance. A video of the full operation of SCF demo is available at NASA Technical Reports
Server (NTRS) [31].
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Figure 30. Bench-top demonstration of SCF fabricated with Kevlar® fiber/SMP composite. (a) before
retraction, (b) heating tapes in top and bottom sections, Nitinol spring, (c-h) full process of stowage and
deployment, and (i) showing a permanent damage after runs.

34



35

Figure 31. Bench-top demonstration of SCF fabricated with carbon fiber/SMP composite. (a) before
retraction, (b-h) full process of stowage and deployment, and (i) showing no permanent damage after
multiple runs.
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Figure 32. Bench-top demonstration of SCF fabricated with CNT sheet ([0°]35)/SMP/SMA composite.
(a) before retraction, (b-i) full process of stowage and deployment with no kink.



4. Conclusion

A new series of shape memory polymer composites (LaRC-SMPC) was developed for
aircraft noise reduction application. Multilayered LaRC-SMPCs fabricated with elastic layers
and different fibers [Kevlar®, carbon fiber (regular and thin ply), carbon nanotubes sheet] were
characterized. The performance of slat-cove filler prototypes fabricated using various LaRC-
SMPC compositions was investigated with a bench-top apparatus that was representative of
modern transport-class airframe geometry. The SCFs made of Kevlar® fiber fabric or carbon
fiber fabric infused SMPC kinked in simulated operation, which can be a critical mechanical
problem for this application. The SCF made of CNT sheet/SMP composite can be autonomously
deployed and stowed without kinking, but deployment was sluggish compared to the carbon fiber
fabric/SMP composite. A balance of strain capability, redeployment speed and steady aero-load
sustainment remained elusive in this study. Among the lessons learned in this materials
development effort is the need to assess material properties in simulated use conditions. In this
case, investigation of the SCF fabricated with LaRC-SMPC under simulated aerodynamic load

exposed shortcomings in the material that would not have otherwise been noted.
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[29] Video clip, “CF-SMP-SCF-Demo.mp4” is availble in the additional supporting information.

[30] Video clip, “Thin CF-SMP-SMA-SCF-Com-Demo.mp4” is availble in the additional
supporting information.

[31] Video clip, “CNT sheet-SMP-SMA-SCF-Demo.mp4” is availble in the additional

supporting information.
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Figure S1. (a) AC conductivity of LaRC-SMP as function of temperature and frequency, and (b)
logarithm of AC conductivity as a function of inversed temperature.
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Permanent Shape, T< Tg Programming (Deformation), T> Tg

Temporary Shape, T< Tg Shape Recovery, T> Tg Recovered Permanent Shape, T< Tg

Figure S2. Shape memory effect of LaRC-SMP and LaRC-SMPC.
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Figure S3. Tensile properties of (a) pristine CNT/LaRC-SMP, (b) thermal treated CNT/LaRC-
SMP, (c) sized CNT/LaRC-SMP, and (d) thermal & sized CNT/SMP.
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Figure S4. Cross-sectional morphology of Kevlar fiber doped SMPC. (a) before bending actuation
and (b) after bending actuation.
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Location 1

Location 2

Pressure on wing (psi, Tmm thickness)

Loc 1 Loc 2 Loc 3

Locations

Figure S5. Actuation load requiring for the retraction of SMP SCF.
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Maximum Tensile Stress (MPa)

Figure S6. Tensile properties of CNT sheet/LaRC-SMP and stretched CNT sheet
(40%)/LaRC-SMP. (a) modulus, (b) maximum tensile stress and (c) strain at break.
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Additional Supporting Information

Additional multimedia information is available at “Supplemental Video files DOC ID#

20180000970 in STI Program multimedia repository”. List of the video supporting information

is:
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(1) “Shape memory effect demo.mp4” (for Reference 21, Fig. 13 & Fig. S2) — Shows the
visual demonstration of shape memory effect of developed LaRC-SMP (white colored
specimen) and LaRC-SMPC (black colored specimen). The program-shaped specimens
(U shape) transformed to their original shape (straight shape) in an environment oven at
120°C.

(2) “Modeling-No mid link.mp4” (for Reference 22, Fig. 23) — shows the animation of
modeling of SCF parameter optimization.

(3) “Modeling-Mid link-No Deploy.mp4” (for Reference 23, Fig. 24) — shows the animation
of modeling of SCF parameter optimization.

(4) “Modeling-Mid link-Deploy.mp4” (for Reference 24, Fig. 25) — shows the animation of
modeling of SCF parameter optimization.

(5) “Kevlar-SMP-SCF-Demo.mp4” (for Reference 25, Fig. 30) — shows the full operation of
a bench-top model of Kelvar® fiber fabric/SMP composite based SCF.

(6) “CF-SMP-SCF-Demo.mp4” (for Reference 26, Fig. 31) — shows the full operation of a
bench-top model of CF fabric/SMP composite based SCF.

(7) “Thin CF-SMP-SMA-SCF-Com-Demo.mp4” (for Reference 27) — shows the full
operation of a bench-top model of thin CF fabric/SMP composite/SMA lamination based
SCF.

(8) “CNT sheet-SMP-SMA-SCF-Demo.mp4” (for Reference 28, Fig. 32)— shows the full
operation of a bench-top model of CNT sheet/SMP composite/SMA laminated based
SCF.
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